This study has explored creep/fatigue effects for infused glass/epoxy biaxial (±45 o ) fabric laminates typical of shell/web areas of wind blades. Loading conditions were cyclic fatigue at R-values 0.1, -1 and 10, as well as tensile and compressive creep. Cyclic stress-strain loops for load and strain control are compared. The results are discussed in terms of the relative creep or cyclic dominance and appropriate fatigue design criteria. Laminates with a low content of 0 o unidirectional plies added to the biaxial plies were also briefly studied in terms of the interaction of creeping, softening effects of the biaxial plies on the performance of the 0 o plies.
I. Introduction
Wind turbine blade structures typically include significant quantities of biaxial laminates with ±45 o oriented fibers in the shells and webs, to resist torsion and buckling, and in the root, to build up the thickness. While not considered the primary structure, represented by unidirectional (UD) plies oriented along the blade axis (0 o ) in spars, the biaxial laminates and plies must perform without significant damage or failure at the strain levels and environments experienced by the blade in service. Edgewise, reversed loading in large blades is carried substantially by the shell, which may contain some fraction of unidirectional plies for this purpose; often, additional unidirectional fabric reinforcement is added at the trailing edge.
The off-axis orientation of the ±45 o fibers introduces strong material nonlinearity to the static response 1,2 , as well as significant damage accumulation, creep and strength and stiffness loss prior to total failure in fatigue [3] [4] [5] [6] . Bending loads produce the highest strains at the outermost fibers, which are usually biaxial fabric in the shell. Thus, the biaxial materials must resist the maximum blade strains under static and fatigue loads without failure or softening enough to reduce the blade stiffness or overload adjacent UD material. Biaxial laminates have received relatively little attention in studies compared with UD and multidirectional (MD) laminates, and creep effects in blade laminates have not been well characterized despite their obvious relevance.
This study has explored the behavior of epoxy resin infused biaxial glass fabrics of three types which vary in structure. S-N fatigue lifetime to total failure (defined later) has been characterized for tension-tension, compression-compression, and reversed loading fatigue (R = 0.1, 10 and -1, respectively, where R = min load/max load 1, 2 ). Then, concentrating on one typical fabric, a more detailed study of strain accumulation, cyclic stress-strain and residual stress-strain response, stiffness change and creep has been carried out for each R-value.
II. Background A. Time vs. Cyclic Effects
Blade laminates may be subjected to various combinations of cyclic fatigue loading and static or cyclic creep loading. Most studies have been concerned with cyclic fatigue loading to total failure, primarily with fiber dominated laminates having more than 25% 0 o (load direction) fibers. A number of studies have considered creep, creep rupture (sometimes termed static fatigue) and creep/fatigue interactions. Basic treatment of the viscoelastic response can be found in refs. 11-14. Tamuzh, et al. 15 have considered the combined off-axis creep and cyclic fatigue response of glass/polyester laminates. Their findings suggest that cyclic loading results only in a reduction in stiffness as damage accumulates, but does not affect the viscoelastic response. Mandell and Meier 16 systematically varied the waveform, R-value and frequency (over several decades) to explore creep/fatigue interactions for a fiber dominated 0/90 prepreg glass/epoxy laminate under tensile loading. The results re-plotted as trend lines in Figure 1 indicate the typical scenario for fiber dominated glass laminates: the fatigue lifetime was cycle dominated at longer lifetime, with creep effects playing a significant role at higher loads/shorter lifetimes, and low frequencies. In the high cycle/low stress range of interest for wind blades, creep effects are not expected to play a significant role for fiber dominated laminates. Creep rupture and cyclic data under both tensile and compressive loading for multidirectional infused fiber dominated glass/epoxy blade-type laminates reported by Nijssen, et al. 17 , shows much lower failure stresses at the same approximate loading time for cyclic loading at R = 0.1 and 10, compared with creep rupture, consistent with Figure 1 . Frequency effects at higher frequencies with sine wave loading have been reported to be consistent with Figure 1 for infused fiber dominated blade laminates 18 . Epaarachchi 19 describes fatigue and creep rupture data for a multidirectional glass/polyester laminate for tensile fatigue loading between R = 0.5 and 1.0. Models incorporating both creep rupture and cyclic parameters provided the best fit to the data.
B. Biaxial Fabric Fatigue Behavior
Tensile fatigue SN curves have been reported for a variety of blade materials with ±45 construction and epoxy resins, either prepreg or infusion processed. A selection of results from the SNL/MSU/DOE 10 and European OPTIdat 21 databases are compared in Figure 2 . Differences are not great considering the range of materials systems. The backing strands in fabric L result in slightly directional behavior 2 , and the mat backing on fabric M increases the strength and stiffness but reduces the failure strain significantly 1 . (Fabrics L and M are included in the present study.) Much of the reported study of ±45 blade laminates has involved materials composed of UD fabrics or prepreg plies stacked at ±45 o , rather than commercial biaxial fabrics. While most studies have been limited to uniaxial loading of simple test coupons, multi-axial tension/compression/torsion results have been reported by Kensche 8 for a ±45 UD fabric laminate. Philippidis and Eliopoulos 5 provide detailed characterization of both fiber and resin dominated static and fatigue behavior of infused glass/epoxy blade laminates, including stiffness degradation, residual strength and creep effects, and their implementation into a damage progression based code (FADAS). Their treatment is based on individual ply axial, transverse and shear characterization, with the shear response derived from tests of ±45 laminates composed of oriented unidirectional fabric plies, similar to the Optimat material MD3, Figure 2 . The effect of resin on biaxial fabric laminates has been explored by Mandell, et al. 1, 9 . Fabric M laminates (Table 1) infused with three different epoxies, two vinyl esters and one polyester showed only moderate effects of resin type on tensile stress-strain and tensile fatigue performance 1 . This fabric contains about 27% mat, and behaves in a more fiber dominated or mixed fashion. A similar range of resins with a DB120 biax fabric, which contains no backing strands, showed significantly more variation in strength with resin type 9 . Differences were particularly strong at elevated temperatures and with moisture saturation. Creep rupture data for a wide range of early, low fiber content, fiber dominated and biaxial fabric laminates are available in ref. 9 .
III. Experimental Methods
Laminates were resin infusion molded as described in ref. 1 . The three constructions of biaxial fabric included in the study are described in 8S ], about 8.6 mm thick. The fiber volume content for fabric P laminates was about 56% for the tension coupons and 58% for the compression coupons; fabric L and M laminate fiber volume contents were 44 to 45%; a separate panel with fabric P was prepared at 46% to explore possible fiber content effects relative to the lower contents for fabrics L and M. Thus, fabric P laminates differed significantly in structure, fiber content and cure conditions 10 relative to fabric L and M laminates which were tested at an earlier time 1 . Test coupons ( Figure 3 ) were simple rectangles of constant width with no tabs; compression and reversed loading coupons were thicker and with a shorter gage section to preclude elastic buckling. Coupons were clamped in laterally constrained hydraulic grips as described in ref. o C were measured. Failure appeared imminent just prior to the rapid temperature rise, so lifetime data may be slightly conservative relative to tests with less temperature rise. Frequency was approximately linearly compensated relative to maximum load. Creep tests (R = 1.0) used the fatigue tensile and compression geometries and were continued until the strain rate reached a high level, as described later. Most fatigue tests were run under sine-wave, load control, constant amplitude, at indicated R-values. Additional tests were run under strain control through an extensometer attached to one coupon face. Strain gages on both coupon faces were used to validate extensometer data in selected cases, but the strain gages failed early in the damage progression process. Failures were in the gage section ( Figure 3) ; compression tests were usually terminated just as the failure process began due to excessive strain and distortion (and temperature rise) at total failure. Individual test conditions and results can be found in the current or next annual update of the database 10 . 
III. Results and Discussion

A. Static Stress-Strain Behavior and Rate Effects
Tensile and compressive stress-strain curves for fabric P laminates are given in Figure 5 ; the maximum load levels for each fatigue R-value are indicated for reference. The stress-strain response of ±45 laminates is not only strongly nonlinear, but also very rate sensitive. The curves in Figure 5 were obtained at a relatively slow linear ramp rate of 0.025 mm/s, a typical test standard value. When tested at the typical fatigue average displacement rate, 12.6 mm/s, the tensile maximum load was 50% higher for this material system 10 . At the higher fatigue rate, the curves are less nonlinear at the load ranges shown, and strain values would be lower. Fabric M laminates, with random mat backing, showed a corresponding 30% tensile maximum load difference at the two rates 10 . As the stress-strain curve becomes significantly nonlinear, or as fatigue cycles increase, damage can be observed to form ( Figure 6 ) and intensify in the laminate.
B. Effects of Fabric and R-value on Fatigue S-N Results
This section presents fatigue S-N results for coupon failure (separation, collapse, or high distortion, Figure 4 ) under constant force amplitude for the different fabrics and loading conditions. Matrix cracking ( Figure 6 ) is observed during much of the fatigue lifetime before failure, with differences in details for each R-value. In tension (left), R = 0.1, matrix cracks tend to start at coupon edges and progress across the coupon; in reversed loading (center) R = -1, cracking tends to initiate over the fabric stitch lines; and in compression (right), R = 10, cracking and small delaminations are observed between the fabric stitch lines.
A comparison of fatigue S-N curves for laminates based on fabrics L, M and P loaded in the warp direction, and tested at R-values 0.1, -1 and 10 is presented in Figure 7 . It was thought that the lower stresses for fabric P may relate to its higher fiber volume content, 56%, compared to the other fabrics, 44-45%. The fabric P data at R = 0.1 fall slightly below the OptiDAT MD3 biaxial laminate which has a similar fiber content (53%) and resin. Tensile fatigue data for a specially prepared panel using fabric P, but with 46% fiber, showed about the same tensile strength and fatigue lifetimes as for the higher fiber content laminates, so fiber content may not play a major role for fabric P laminates in this range. A second factor with fabric P is the absence of significant backing strands relative to the other fabrics (Table 1 ). The fabric P laminate data fall slightly below the others in Figure 2 (the fabric L and M data were reported in reference 1, and are shown on Figure 2) . Finally, the post cure temperature with fabric P was 20 o C lower, as noted earlier. Comparing results for different R-values in terms of maximum stress (Figure 8, left) , the fatigue stresses are significantly higher for compression compared with tension, contrary to some literature assumptions 5 and reversed loading is significantly lower, with the same relative trend observed for each of the fabrics in Figure 7 . The performance at R = -1 shows a greater drop relative to 0.1 in terms of max stress, than for typical fiber dominated laminates 9 . Fatigue exponents shown on the curve fits indicate S-N trends which are significantly less steep than for many fiber dominated laminates, particularly for fabric P 1, 7 . The data for different R-values are re-plotted in Figure 8 in terms of stress and the absolute stress amplitude, (max stress -min stress). In these terms, the reversed loading performance is similar to that in compression, and superior to that in tension.
Although biaxial fabrics are used in blades as a stitched unit, their behavior can be more clearly understood by examining the stress field in each ply separately. Standard elastic ply-by-ply laminate analysis 22 of ±45 laminates with glass/epoxy ply properties obtained from UD coupons 1 , loaded in the axial (0 o ) direction by a typical applied average stress, σ x , of 50 MPa in tension or compression, gives the ply coordinate stresses in Table 2 . These stresses provide an approximate idea of the nature of the stress state in typical tests, ignoring nonlinearity. (The shear stresses, σ 6 , are identical to those obtained following ASTM test standard D3518, σ x /2.) Approximate local stresses at other applied stress levels would change proportionally. Under axial loading in the 0 o direction, the results in Table 2 show that a tensile axial load produces transverse tensile (+) stress in each ply, and an in-plane shear stress which is in opposing directions (signs) in the two ply orientations. Transverse compression and opposite shear directions occur under axial compression. In fatigue, resin cracking develops parallel to the fibers ( Figure 6 ). Ultimately, the plies are bonded together by resin as well as stitching, and total separation requires delamination, which is the final mechanism of failure for R = 0.1 (Figure 4) . Under reversed loading the shear and transverse tension stresses reverse in direction as the load changes from tension to compression; the failure mode was discussed earlier as related to local temperature rise resulting from damage and the large strain amplitude and hysteresis (shown later). The magnitude of the transverse stresses is low for this material relative to the shear stresses, but the static and fatigue responses are significantly different under tensile versus compressive loading (Figures 7 and 8 ). Van Paepegem, et al., provide detailed experimental characterization 23 and modeling 24 of the nonlinear stress-strain response of ±45 glass/epoxy laminates.
C. Cyclic Creep and Stiffness Change
Stress-strain changes during load controlled cycling ( Figure 9 , top) reflect both a cyclic creep effect, with the coupon lengthening appreciably in tension or shortening in compression as cycles accumulate and both max and min strains increase, and a significant reduction in stiffness, indicated by a tilting to lower slope of the individual loops, most notable for R = 0.1 and -1. The stiffness is calculated as (max-min) absolute stress/(max-min) absolute strain for an individual cycle. Plots of the average strain and the strain range vs. cycles are given in Figure 10 for typical tests of similar lifetime at each R-value. The average strain and strain range for particular cycles can be taken as measures of the creep strain and stiffness change, respectively 15 . The creep strain increases steadily for the R = 0.1 and 10 coupons, more rapidly toward the end for 0.1; much lower creep strain is present for R = -1 over most of the lifetime. The strain range, proportional to the stiffness, does not change significantly for compression (consistent with the residual stress-strain curve given later), but increases in the last decade for tension and reversed loading. Tamuzh, et al. 15 attribute the stiffness change to cyclic damage effects which are independent of viscoelastic (creep) response, for off-axis laminates. Thus, the R = 10 response appears to be entirely dominated by creep, while the R = 0.1 and -1 responses show significant stiffness change associated with cyclic effects in the last decade, as well as significant creep strain for 0.1. The fatigue exponents (Figure 8 ) are similar for R = 0.1 and -1, but much lower for 10.
Plots of maximum absolute strain for varied stress levels at each R-value in Figure 11 indicate maximum strains reaching several per cent in most tests before failure, with reduced strains at the lowest stresses and under reversed loading. The max strain typically increases by many times the initial max strain before failure. These figures indicate that very substantial strains accumulate for R = 0.1 and 10 before the stiffness decreases appreciably. Reversed loading produces smaller creep strains.
(It has been the practice in the past to report only the initial strains for the first few cycles for fatigue of ±45 laminates in the database and reports 1, 9, 10 , but these values have little meaning in characterizing test conditions, as evident from the results in this paper. However, for fiber dominated laminates, strain and stiffness changes are small 5 , and initial strains, while approximate in terms of cyclic conditions, provide simple and useful information.) Strain controlled fatigue produced markedly different response, Figure 9 (bottom). For tensile fatigue (run with the thicker coupons to withstand compressive stresses), stress-relaxation at the higher strains on the first and subsequent cycles reduces the peak stress; the stiffness is not changed early in the lifetime, so the unloading strain excursion produces a compressive minimum stress. As cycling continues, the loop bottoms stabilize, but the stiffness now steadily decreases, lowering the maximum stress further. Compression loading in strain control produces changes which are the inverse of those for tension, Figure 9 , bottom right compared with bottom left, as the loop bottoms relax and the tops progress into tension. Under reversed loading at lower maximum strains, (R = -1, center bottom, Figure 9 ), the loops drift in a positive (tensile) direction similar to those for compression. 
D. Residual Stress-Strain
Cycles to complete failure for the R = 0.1, 60 MPa max load control case ranged from 10,000 to 100,000 cycles (Fig. 8) . Selected coupons were cycled at R = 0 (for simplicity) to 4,000 and 10,000 cycles, then immediately tested for residual tensile stress-strain curve. Similarly, in compression fatigue, a coupon was cycled at R = 10, max abs stress of 96.5 MPa, with an expected lifetime around 10,000 cycles; the residual compressive stress-strain curve was determined on cycle 8,642. Stress-strain loops and the residual stress-strain curves are given in Figure 12 . The residual stress-strain curves are compared with the virgin stress-strain curves in Figure 13 , by offsetting the residual curves to zero strain by the amounts shown. The offset residual tensile stress-strain curve at 10,000 cycles is dramatically softened at most strains, but the maximum stress reached is only slightly reduced, relative to the virgin tensile stress-strain curves; less softening is evident for the 4,000 cycle tensile case. The offset residual compression curve shows no modulus change up to moderate stress, consistent with the absence of stiffness change discussed earlier, increased stiffness at high stress, and reduced maximum strain (by about the offset amount) relative to the virgin stress-strain curves. These limited cases show no significant decrease in residual ultimate strength, but more comprehensive testing for residual strength of similar ±45 laminates has shown a steady decrease in tensile residual strength and stiffness after tensile fatigue loading; compressive residual strength is not found to decrease in a steady manner regardless of the fatigue loading condition 5 . The results in Figures 12 and 13 provide increased detail of changes to the stress-strain response as a result of cyclic loading for typical cases. 
E. Damage Metric Comparisons
Different damage metrics are compared for fabric P laminate fatigue curves at each R-value in Figure 14 . Total fatigue failure results are compared to cycles for a 25% decrease in stiffness (slope of the cyclic stress-strain loop) and a 50% increase in cumulative max abs strain. The 50% max strain metric is selected since it approximates the point of rapid upturn on the max strain plots in Figure 11 . The max strain, as opposed to the average, or creep, strain or stiffness, is viewed as potentially important in load transfer to adjacent UD structure, as discussed later. For R = 0.1 and -1, individual tests reach the 50% max strain increase first, followed by the 25% stiffness loss and then total failure over most of the stress range. At the lowest stresses the R = -1 data tend to converge to a similar lifetime for the 25% stiffness change and failure, with the 50% strain increase not achieved in some cases; these are the conditions (reversed loading, initial strains below 0.25%) most likely to be approached in service loading for biaxial laminates in blades. In compression, R = 10, the 25% stiffness reduction is not reached before creep strains accumulate sufficiently (several %) to constitute failure. The 50% strain increase condition is reached much earlier than the failure condition in compression.
In choosing a failure condition for design purposes, a cumulative strain condition like 50% increase may be appropriate for compression, and occurs at much lower cycles than failure (Figure 14) . Strain increase may also be appropriate at R = 0.1 for higher loads, shifting to stiffness change or failure at lower loads/longer lifetime. Stiffness change and failure lifetimes are similar at R = -1. Only the reversed loading tests approach the low strain levels at failure which might be realized for blades in service, and there the stiffness change and failure cycles tend to converge. However, creep strains can reach the 50% increase range at similarly low stresses, as discussed next. 
F. Creep and Cyclic Loading Comparison
Creep test results for various tensile and compressive stresses are given in Figure 15 . These tests were not taken to failure, but are intended to define the time at the 50% strain increase condition. Even at the lowest abs stress, 38 MPa, the strain accumulates to the 50% increase condition in about 10 5 seconds, just more than one day. The only results at the same absolute stress, 60 MPa, in both tension and compression, show very similar creep strains for both. Thus, while the cyclic lifetimes for R = 0.1 and 10 differ significantly (Figure 8 ), the creep response in tension and compression is very similar, reflecting the dominance of the ply shear stresses, which have identical magnitudes in each case ( Table 2 ). The difference under cyclic loading appears to relate to the decreasing stiffness with damage in the last decade of cycles in tension, but nearly constant stiffness in compression ( Figure 10) .
A comparison of the cumulative test times to reach the 50% max strain condition for creep vs. cyclic tests in tension and compression is given in Figure 16 . While there is significant scatter, all of the cases show similar times to 50% strain increase, and similar trends with stress. The creep conditions reach 50% strain increase before the cyclic conditions at most stresses. Sine wave fatigue loading results in only a brief time near max load on each cycle compared to the square wave loading illustrated in Figure 2 , and the cumulative time at max load is difficult to define; this may cause the slightly longer cumulative total test times in fatigue.
G. Effects of 0 o -Ply Addition to Biaxial Laminate
The effect of adding UD plies to the biax laminates is illustrated in Figure 17 for a [(±45) 3 /0/(±45) 3 ]s laminate. While UD laminates show minimal max strain increases before fiber failure 5 , interactions with biaxial plies in adjacent structure or within MD laminates like this, can result in significant load transfer onto the UD plies as biaxial plies creep and accumulate damage. The test result illustrated in Figure 17 for a laminate with 20% UD fabric (PPG-Devold 1200L/G30-E07) shows the steady stiffness loss and creep associated with the biaxial laminates with an initial strain around 0.8%, but the rate of max strain increase and softening is much reduced compared to an all-biaxial laminate, such as Figure 11 , R = 0.1, 68.9 MPa. Deformation in the biaxial plies is restricted by the higher modulus 0 o plies. As the biaxial plies soften and creep, the stress and strain on the 0-plies increases until they fail, one after another (the strain is the same in all plies). The lifetime for an all UD laminate with this fabric and resin is reported 2, 6 as about 10 6 cycles for an initial max strain around 0.80%, falling to about 10 5 cycles for an initial max strain of 1.25%; these strains represent the first and 100,000 th cycles in Figure 17 . Thus, the creep and softening of the biaxial plies before failure of the 0 o plies results in an apparent decrease of a factor of ten in lifetime, at least for this single coupon, but consistent with other tests and literature observations 
IV. Conclusions
The results of this exploratory experimental study indicate the importance of creep response in the cyclic fatigue of infused biaxial glass fabric (±45) reinforced epoxy laminates typical of wind blade shells and webs. The following are the main conclusions:
1. Both the static and S-N fatigue strengths are significantly greater in compression than tension (Figures 5 and 8 ).
Reversed loading results in the lowest S-N trend when max stress based, but the stress amplitude S-N trend is similar to compression (Figure 8 ). Fabric P laminate S-N trends at all three R-values fall below those for fabrics L and M, which have different backing, fiber content and cure conditions. 2. Compression fatigue is creep dominated, with little stiffness change. Tension and reversed loading fatigue show similar fatigue exponents and a significant decrease in stiffness associated with cyclic effects in the last decade of cycles. However, tensile fatigue may be creep limited in applications over much of the stress range, even though the final failure is cycle dominated at lower stresses. Stiffness change, creep and failure cycles converge at the lowest stresses for R = -1, which may approach some blade service conditions. 3. Cumulative test times to reach an increase of 50% in the max strain, over a range of stresses, are similar for creep and fatigue, and for tension and compression. 4. The addition of 20% 0-degree UD plies to a biaxial laminate under tensile fatigue results in a sequence of creep and softening of the biaxial plies, but at a reduced rate due to the constraint of the UD plies. The strain increases in the UD plies as the biaxial plies soften, until the UD plies eventually fail at a lifetime which is reduced by about a decade compared with the expected lifetime at the initial strain. 5. Testing under controlled strain conditions as would occur with a high per cent of 0 o plies, or adjacent UD structure, results in increased lifetime and stabilized stress-strain loops shifted toward compression for R = 0.1 and tension for R = -1 and 10.
